AD=A069 497 INDIANA UNIV AT BLOOMINGTON DEPT OF CHEMISTRY F/6 20/5
WIDE=BANDWIDTH ANALOG CORRELATOR AND ITS APPLICATION TO MODE=LO==ETC(U)
MAY 79 J M RAMSEYr G M HIEFTJE+ G R HAUGEN N0O0014=-T6=C~-0838

UNCLASSIFIED TR=19 : NL

END

DATE
FILMED

7-79

Dpe




—r T —T

DOC FiLE coPY

RIA069497

OFFICE OF NAVAL RESEARCH

NO0014=76=C=0838
Task No. NR 051-622

TECHNICAL REPORT NO. 19

WIDE-BANDWIDTH ANALOG CORRELATOR AND ITS

APPLICATION TO MODE-LOCKED LASER MEASUREMENTS

by
J. M. Ramsey, G. M. Hieftje and G. R. Haugen

Prepared for Publication
in

REVIEW OF SCIENTIFIC INSTRUMENTS

Indiana University
Department of Chemistry

Bloomington, Indiana 47401
May, 1979

Reproduction in whole or in part is permitted for
any purpose of the United States Government

Approved for Public Release; Distribution Unlimited

6> &)
LEVEL 77

A e i e AR i v

~ PR O~y
0 s\ i it




Abstract:
A new instrument for the analog determination of corrclation functions

of wide-bandwidth signals is described and characterized.  The instrument

¥ 4
is comprisced of microwave clectronic components; a double-balanced mixer
performs the multiplication operation involved in the corrcelation process
whereas a constant-impedance line stretcher introduces the variable delay. oy
~

Measurcments indicate that the correlator has a bandwidth of approximatcely e
4 GHz. It is shown that this inexpensive and simple device can be used as
a diagnostic tool for mode-locked argon-ion lasers when used in conjuction

with a fast photodiode detector.
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I. Introduction
ANV VNV

Power spectral density and correlation measurcments have long been
utilized in communications cngincering and physics, and are becoming im-

> At low frequencies (below 1 Milz) i

portant techniques for the chemist.'”
these measurements can be performed quite well with comercially available
equipment. However, hich frequency (several Gllz) signal analysis is far

more difficult. At thesc high frequencies, power spectral density analysis

can be performed with existing microwave spectrum analyzers (cross-power

spectral density cannot), although such devices are expensive. One scheme

for detemining correlation functions for wide-bandwidth signals has been
reported which involves the utilization of a dual-channel sampling oscil-

loscope.® However, this latter approach is quite expensive to implement.

Ry

In the present paper an instrument is introduced which can detcrmine
correlation functions for widc-bandwidth signals which arc cither periodic,
or random and stationary. Basically, thc instrument evaluatces the cor-
relation function through usc of a constant impedance line stretcher as
a delaying element and a microwave double-balanced mixer as a multiplier.
For a given delay, set by the line strctcher, the output of the mixer is

low-pass filtercd tov yield a DC level which corresponds to the magnitude

: of the correlation function at that delay. This new approach is very

i)

| inexpensive to implement and casy to use.

f In the following sections, the theory of opcration of the new instrument

4

% will be developed and the device will be demonstrated in the measurcment of ;
|

mode-locked iaser pulses.
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II. Description of the Instrument
WV VIV VGV GV GV VIV GY

Fig. 1 shows a schematic diagram of the new instrument configured in
this case for an autocorreclation detemination. The signal to be auto-
correlated is applied to the open port of a broadband power splitter.

This particular power splitter (Model 874-1PD, Genkad, Concord, MA) is

a 0db unit usable over the frequency range 0-8 Gllz.  The signal from onc
output port of the splitter traverses a fixed length of transmission line
to either of the input ports of a doublc-balanced mixer (Model MD-525-4,
Anzac, Waltham, MA). This transmission line is madc up of 4 ns of air-
dielectric coaxial line (Model 874-1L30L, GenRad, Concord, MA). The signal
leaving the other port of the power splitter travéls through a variable-
length transmission line to the other mixer input port. This variable-
length transmission line is constructed of a 1 ns fixed-length air-di-
electric line (Model 874-L30L, GenRad, Concord, MA) and a constant-
impedence variable-length line (Model 874-LTL, GenRad, Concord, MA).

The length of this line can be varied over a range corresponding to a

time delay difference of 1.5 ns. In this configuration, the variable line
is slightly shorter than the fixed line when the variable delay line is

at its minimum delay. Thus a full scan of the attainable relative delay
valucs includes the T = 0 condition. The mixer is a broadband dcevice
which scrves as a signal multiplier over the frequency range 5-4009 MHz.

With this particular mixer, information in the 0-5 Mz region is lost;

clearly, differcent frequency bands could be covered with alternative mixers.

The output at the IF port of the mixer is then processed by a low-pass

filter, wmplificd with a PC amplificer and readout on a digital voltmeter

- -




or strip chart recorder. With this arrangement, the autocorrelation
function can be obtained over a 1.5 ns delay range.

The autocorrelation instrument shown in Fig. 1 can be readily modificd
to perform cross-corvelation as well. To perform cross-corrcelation, the
respective signals would be sent directly into the wixer via the Cined

and variable delay lines. 1In cither of these corrclation experiments,

i | the 1.5 ns portion of the corrclation function which one wishes to ohscrve

: can be controlled by adjusting the length of the fFixed delay linc.

I11. Theoretical Description of the Instrument's Output
VWV VWV W VWV VW WV VANV VY

In this section the output of the corrclator will be formulated
for the case of an autocorrelation determination. The autocorrelation
function, Cii(r), for some time-varying signal, i(t), is

C;; (1) = lim _}_/'T i(t) i(t+r)dt.
Tow 37 |
2 (1)

0f course, Eq. (1) only applies to a signal which is non-square intcgrable.

Eq. (1) indicates that thec time average of the time-dependent product,

i(t) i(t+1), is to be found for each value of T for which one desires the

magnitude of the autocorrclation function. In turn, the time average of

this product is just the magnitude of its zero Hz (DC) frequency component,

which can be instrumentally obtained with a simple low-pass filter. A

requirement for this low-pass filter is that its high-frequency cut-of £

be well below the lowest significant frequency contained in the product

signal. Conveniently, DC clectronics can be used beyond the mixer IF port.
To accurately model the instrument shown in Fig. 1, the frequency or

impulse response of the various components must be introduced into Iq. (1).




Of course, cach component will have its own response and should he rigorously
included in the treatment. lowever, two factors are especially important

and will be introduced here: the impulse response of the transmission

lines (in this casc it will be assumed that they arce both cqual) and the
response of the mixer ports. This latter factor accounts for the filtering
characteristics of the mixer ports. These two factors can be combined by

utilizing the convolution integral. That is,

hy (1) =/:w h, () hm(t-Y) dy o

where hl and hm arc the impulse response of the transmission lines and
the mixer ports respcctively, and hlm is the combined impulse response
of the transmission line and the mixer port. Incorporating Eq. (2) into

Eq. (1) and performing the t and y' intcgrations gives Eq. (3).

8

C'(t) = k Chh(a) Cii(T-a) da (3)

8

Eq. (3) indicates that the output of the new autocorrclation instru-

ment C' (t) is the convolution of the truc autocorrclation ftunction, Cii’ of the

signal i(t) and the autocorreclation, Chh’ of the instrumcental responsc

parametcr, hzm' Clearly, the instrument response function for the corre-
lator, Chh' must be as short in duration as possible to yield an instrument

output C'(t) that closcly approaches the true correlogram. In Eq. (3), k is a

scaling factor which accounts for losses in the system. ‘
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IV. Dcmonstration of the Imstrument
LVAVA VAV VAV AVAVAVAV AV VAV AVAVAVAVAVAVAVAVA V.V A VAVAVAVAVAVAVAVAVAVAVA VAW

As a demonstration of the new instrument's utility, the autocorrelation
function of modc-locked lascr pulses was determined.  Corrclation techniques
have previously been used in laser pulse mcasurements, but in those cascs
the correlation process was implemented through optical means’»®, rather
than electronically. In the present experiment, a mode-locked laser wa4
used to irradiate a fast photodiode; in turn, thc photodiode signal sorJed
as the input to the correlator of Fig. 1.

The detector in these experiments is a specially constructed Schottky
photodiode which has an impulsc responsc with a full-duration at half-
maximum (FDHM) of less than 50 ps’. The radiation from the laser is focuscd
to a diffraction-limited spot by a 3 cm biconvex lens. This focusing is

required because the active region of the photodiode is only a small annular

region approximately 10 um wide.

Two different laser sources werc utilized in these experiments.
Examined first was a synchronously pumped dyc-laser system using a mode-
locked argon-ion laser (Model 171-09 Ar+ laser and Model 361 acousto-
optic mode locker, Spectra Physics, Mountain View, CA) as the pump.
Second, the mode-locked argon-ion laser itsclf was observed. This mode-
locked argon-ion laser was operated at 38 A of plasma current in all ex-
periments to yicld 740 mW of average optical power at 5145 R in the mode-
locked condition. In this situation, the laser output consists of a train
of optical pulses that are approximately 150 ps in duration and scparated
by approximately 12 ns. Rhodaminc-6G was used in a Spectra Physics Model

375 dye head with an extended front mirror to comprisc the synchronously-




pumped dyc-laser cavity. When the mudc—lockvd argon-ion lascer is used to
pump this dyc laser and the optical cavity spacing of the dye laser matches
the cavity spacing of the argon-ion lascr, the dyc lascr becomes made
locked.!® The output from this dye lascr then consists of a pulse train
with a period of approximatecly 12 ns, and with cach pulsc having a duration
of approximately 30 ps as determined through streak camera measurcments.
The average power from the synchronously pumped dyc lascr was 40 mW,

The temporal behavior of the output of thesc lasers can be described

by an equation of the following form:

2. (t) . I f 2 (1) 8 (t-nT-1)dx
n=-"o

-00

(4)

where £ is the function describing the shape of a single pulse, § is the
Dirac delta function and T is the period of the pulse train. The signal
from the photodiode, when it observes the time-dependent optical irradiance

described by Eq. (4), is then

P(t) = I f/z(x) hy (@) 8(t-a-nT-A)dadA
n:—oo
4 (s)

where hd is the impulsc response of the photodiode. 1n the present cox-
periment, P(t) is-the signal that is processed by the correlator. To
derive a relation for the output of the corrclator in this experiment,

onc must first find the correlation function of P, Cpp' This correlation
function, Cpp’ is found by substituting P(t) for i (t) in Eq. (1). Making

this substitution and performing the appropriate integrations yiclds

i




it o

7
e (;-‘ l o0 » "ehs .) L‘ . l-
Cl’l’(l) =L - 1 L22(1+1|.1 '(l(l(l)('
i r -t (0)
BHex Cqq 1 the autocorrelation of the detector jmpulse response

function and ng is the desired information, i.c. the optical irradiance
autocorrelation function. Significantly, Cll’ the autocorrelation of the

periodic function L is periodic itself and with the same period T.

To find the output of the correlator for the input signal, P(t), Lq.
(6 ) must be substituted into Eq. (3) [i.e. Cpp(T) replaces Cii(T) in

Eq. (3)]. This substitution yieclds

k= e,
Ct(t) = T ).." ﬂ Chh(a) Cdd(r) Cu(1+1T—r-a)drda.
j=-o0 A (7)
=00

Eq. (7 ) indicates that the output of the correlator is a smoothed
version of the true optical irradiance autocorrelation function. In turn,
the smoothing function is thé convolution of the autocorrelation of the
photodiode impulse response, hd’ and the autocorrelation of the corrclator

input impulsc response, h Obviously one wants to decreasc the duration

m’

of both hd and hlm'

Fig. 2 rcveals the performance of the corrclator in the measurcment
of pulses from the synchronously pumped mode-locked dye laser. Fig. 2A
shows directly the clectrical output of the Schottky photodiode, induced
by the dye laser pulse. This trace was obtained with a 25 ps risc—;ime
sampling oscilloscope (Model 7T11, 7S11, S-4 plug-ins with 7904 mainframe,
Tektronix, Beaverton, OR) which was triggered by the signal from a sccond
photodiode irradiated by the same laser. The FDIM of the pulsc in Fig. 2A

1s approximately 90 ps and represents the true optical pulse width, smoothed

e - - - e g . e
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by the impulse responses of the photodiode, the 5 nsof RG S58C/U coax-
ial cable and the sampling head itself. All these Jatter subsystoms have
rise times which arce of the same order of magnitude and contvibute cqually
to the smoothing process.

Fig. 2B shows a computer-generated autocorrelation function of the
sampling oscilloscope trace of Fig. 2A. This computed autocorrclation
function has a half-duration at half-maximum (HDIIM) of 75 ps. In contrast,
the output of the correlator for the input signal shown in Fig. 2A, shown
in Fig. 2C, has a HDIM of 60 ps. The sccond pecak that is scen at a delay
of approximately 300 psis due to an electrical reflection in the correlator
network.

The results portrayed in Fig. 2 are initially quite surprising. From
the forcgoingvanﬂlysis, one might expect the instrumental autocorrclation
function to be somewhat broader than that prodﬁccd upon computation, be-
cause of the finitc bandwidth of the components used in the new device.
However, it can be shown readily that the response of the new correlator
is sufficiently rapid that the correlation function is not significantly
broadcned. Morecover, it is quitc likely that the sampling oscilloscope
trace is Fig. 2A is broader than the true pulse. Let us further examine
these considerations.

The -3 dblmnd&idlh of the photodiode signal shown in Fig. 2A is
slightly less than 4 Gllz, so onc would not expect the autocorrcelation

function to be drastically smoothed by the mixer, considering its 4 Gliz

bandwidth., In addition, Fig. 2A might be broader than the true photodiode pulse

because risce time of a sampling oscilloscope does not solely

determine its time resolution; trigger jitter also contributes. The
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specification on the particular sampling oscilloscope usced here is £ 10 ps
under optimal trigger conditions. As suggested by the manufacturcer, this
specification is only a lower bound and the actual tripper jitter will

depend on the characteristics of any particular tripger signal. ﬁignif-
icantly, it is the autocorrclation function of the sampling oscilloscope
impulse response that will act as a smoothing function on the autocorrejation
of the true clectrical pulsc from the photodiode. Clearly, this latter'

fact will accentuate any distortions introduced by the sampling oscillo-
scope in Figs. 2A and 2B. In contrast, no such thing as jitter exists in

the correlator (Fig. 2C).

Of course, the discrepency noted between Figs. 2B and 2C might also be

due to mixer non-ideality. Specifically, if a threshold cxists over which

a signal must risc before the mixer opcrates properly, the corrclation
function would appcar to be truncated somewhat. llowever, theory does not

predict such a threshold and none has been observed experimentally,

Fig. 3 is similar to Fig. 2, but represents the output waveform and
correlation functions for the argon-ion laser by itself. In this case
over 90% of the duration of this electrical pulse is due to the optical
pulse. Again, the function obtained with the new correlator is narrower

than that obtained by computation.

V. Discussion
ANV VL

For the new corrclator to be useful it must be able to measurce featurcs
of the corrclation function which indicate the real-time pulse character.
The most important such feature is the velationship between the duration

of the truc pulse and its autocorrelation function. The HDIM of the time-

o -
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dependent pulse is related to the HDIM of its autocorrclation function

in a lincar manner as indicated in Lq. (8),

IDIM, . = Y JIDIN, (8)

kc r
where the subsceript AC and 1 indicate the autocorrclation and real-time
parameters respectively.  The factor y is a scaling factor which is always
greater than 1. The magnitude of y is detemined by the functional form
of the real-time pulse shape; the more spread out the cnergy distribution
about the center of the pulse, the larger y becomes. For example, Y equals
1 for a rectangular pulse, whereas Yy =\/2 for a Gaussian-shaped pulse
and Y = 2 for a Lorentzian pulse. These differently shaped pulses have
progressively longer tails, causing the scaling factor, y, to incrcase.
Table I lists the y-factors calculated from Eq. (8 ) for the results
shown in Fig. 2 and 3. The y-values for thc data obtainced with the corrc-
lator arc lower as would be cxpected from inspection of thc corrclation
results. Interestingly, the Yy factors in Table I arc larger for the argon-
ion laser pulse weasurement than for the dye laser experiment, supgesting
that the clectrical pulse from the photodiode is more broadly distributed
(rises and/or decays morc slowly) when it is irradiated by the argon laser
pulse. Significantly, as shown in the bottom half of Table I, the relative
breadth of the correclation functions of the Ar* and dye lasers arc approxi -
mately the same, no matter whether computational or instrumental correlation

is employed. This finding argues the validity of the new correlator output

_for indicating reclative pulsc widths, or changes in pulse shape.

The results given above clearly indicate that the new instrument can

corrclate very broadband (high frequency) signals.  The laser sources served

- e A o e




well to demonstrate the capabilities of the correlator but also illustrate

an application of the device.

The new corrclator has a host of applications, both in time-resolved
laser spectroscopy and in other arcas. TFor example, the correlator could
be used as a diagnostic tool for optimization of modc-locked gas lascers.

Of course, the autocorrelation function dctcnnincd in this way would not
uniquely determine the duration of the real-time pulse il represented, '
because the Yy factor would not be known. Howcver, the liDIM of the auto-
correlation function is actually a better paramcter to minimize than the
HDIM of the pulse itsclf; it is not only desirable to minimize the IIDIM

of the time-dependent pulse, but also to have its cnergy distributed éﬁoscly
about the maximum of the pulse. A minimization of the duration of the
autocorrclation function implies a minimization .both of Y and of the IIDIIM
of the rcal-time pulse.

The major disadvantage of this correlator is the small delay values
attainable with the variable-length line strctcher (1.5 ns)., This limitation
mplies that only broadband signals can be analyzed if an entire corrclation
function is to be obtained. Greater delays would be possible with alternative
line stretchers but large increascs in delay would limit the upper frequency
cutoft of the device.

Arother disadvantage of utilizing this correlation instrument for the
optimization of mode-locked laser pulses is its slow scan time. The scan
time of the correlator is limited by the bandwidth of the low-pass filter

on the output of the mixer, from an clectrical design point of view. Prac-

tically, the limit will be dictated by heat génoratcd in the variable delay

Fine by frictional forces involved with its movement.

Lt b L
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Another usc of the correlator in lascer technology would be as a con:
tinuous monitor of the temporal chavactervistics of optical pulses.  The out-
put of the corvelator could be used as a feedback sipnal 1o a mode-locked
control system, which governs appropriate paramcters such as cavity length
or the frequency of an acousto-optic mode locking modulator. Such a moni-
toring device could be implemented by using cither a four-way power sp)i{tcr
or two complete photodiode and correlator systems. One corrclator could'
be set at a T = 0 situation while the second correclator could be set at a
T value, say, cqual to the HDIM of the corrclation function. These two
DC signals could then be processed by a dividing circuit, to providec a
quotient which is constant, independent of intensity, as long as the pulse
shape and duration remain constant. Any changes in pulse duration or shape
would then be reflected by the output of the divider and thus could be used

as a feedback signal to maintain minimum pulse width.
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Figurce Captions

Schematic diagram of the new corrclation instrumcent confipured

for autocorrclation mcasurcments.

Evaluation of the new correclator's performance in the mcasurcment -
of pulses from a synchronously pumped mode-locked dye laser. A.
Output of irradiated Schottky photodiode, measurcd with 25 ps risc-
time sampling oscilloscope. B. Computer-gencrated autocorrelation
function of A. C. Autocorrelation function of Schottky photodiode

output determined with the new corrclation instrument. Sce text

for discussion.

Evaluation of the new correlator for the examination of a mode-
locked argon-ion laser. A. Output of irradiated Schottky photo-

diode measured with 25 psrise-time sampling oscilloscopc. B.

Computer-generated autocorrelation function of A. C. Autocorrelation

function of Schottky photodiode output determined with the new cor-

relation instrument.
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Table T.

| Y-factors calculated from pulsce measurements (cale.) and

a
corrclator measurcements (corr).'

h Dye laser Ar' laser
: Pulsc Measurement Pulse Measurcment :
Ycalc 1.6 1.90
2 Ycorr 1.3 1.50
!
] +
4 Ar , Dyc i
(5 Y Jeaze = 1419
; +
X Ar D ’c
| D e RN
f

a. Y is defined as the ratio of the half-duration at half-maximun (HDHM)

of the autocorrelation function to that of the original real-timec wave-

——— I ST
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